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ROCK-FILL DAM DESIGN AND CONSTRUCTION PROBLEMS 


D. J. Bleifuss’ and James P. Hawke,” Members, ASCE 


SYNOPSIS 


This paper is confined to a discussion of rock fill dams having im- 
pervious zones of earthen materials. Terminology for various zones is 
suggested. The importance of thorough investigation of sites and mate- 
rials is stressed, and reasons given from the standpoints of the design- 
er and of the contractor. Design theories are lightly touched upon, 
Since there is already considerable technical literature available on 
these. Construction problems are discussed; scheduling, river handling 
and choice of equipment are mentioned, and foundation treatment and 
placing of materials in the various zones are considered in some detail. 


Definition and Terminology 


It is first necessary to define what is meant by the term ‘rock-fill 
dam”. A rock-fill dam is one in which the thrust of impounded water is 
carried by an embankment of rock or gravel. This rock or gravel will 
not be watertight; therefore a watertight zone or member must be pro- 
vided. This may be composed of compacted impervious compacted em- 
bankment, or it may consist of concrete slabs or steel. An impervious 
zone of compacted embankment requires transition zones between it and 
the rock-fill, so that the materials composing it cannot migrate into the 
rock-fill. The impervious zone must also be protected and weighted 
down on its upstream side, and transition zones are necessary on its 
upstream side also, so that its materials cannot migrate into the weight- 
ing zone. The writers intend to confine this paper to the discussion of 
rock-fill dams having an impervious zone of earthen materials. 

The following terminology is suggested to the profession (See 
Figure 1): 

1) Main rock-rill—The downstream rock-fill which supports the imper- 
vious zone and therefore carries the thrust of impounded water. 

2) Downstream transition—The various zones between the main rock- 
fill and the impervious zone which support and prevent migration of 
the materials of the latter. These transition zones are often referred 
to in engineering literature as “filters”. 

3) Impervious zone—That portion of the dam which provides watertight- 
ness. 


1. Cons. Engr., Atherton, Calif. (Formerly Director of Eng., Interna- 
tional Eng. Co., Inc., San Francisco, Calif.) 

2. Supervising Civ. & Structural Engr., International Eng. Co., Inc., 
San Francisco, Calif. 
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4) Upstream transition—The various zones which lie between the im- 
pervious and the weighting zone, and prevent the latter from sinking 
into the former, and prevent the former from washing out into the 
latter during drawdown. 

5) Weighting zone—The upstream portion of the dam, which weights or 
supports the impervious zone in place and protects it. 


Importance of Site Investigation 


The first step, of course, toward the solution of design and construc- 
tion problems is comprehensive and thorough investigation of all phases 
of a proposed project. It is already well recognized that proper design 
is dependent on such investigation; it is not yet so generally recognized 
that sound and economical construction is equally so dependent. This 
should be emphasized. Investigation will be discussed briefly first, as 
it necessarily precedes both design and construction. 

In order to provide a sound and economical design, the designer must 
know: 

A. The characteristics of the dam site. 

1) Surface topography. 

2) Subsurface conditions._ 

3) Hydrological data; how much runoff is available, and what the max- 

imum flood is. 
B. Characteristics of borrow pits or quarries. 

1) Volumes and locations of different kinds of material available, in- 
asmuch as a rock-fill dam will ordinarily require rock, gravel, 
sand and impervious materials. 

2) The nature of each different kind of material, i.e., its structural 
and physical properties. 

Either the site topography or the amount of runoff available will de- 
termine how large the dam can be; economic considerations will prob- 
ably determine how large it should be. It is also conceivable that sub- 
surface, i.e., foundation, conditions might bear a large part in determin- 
ation of size. It might also be that amounts of material reasonably 
available would require consideration, as affecting economics, since 
while it may be said that is always plenty of material, it may lie too far 
away to be used. It is essential to know or estimate the peak and volume 
of the maximum flood, and under what conditions this flood is apt to oc- 
cur, since good practice dictates provision of sufficient flood capacity 
so that the dam can never conceivably be overtopped. Parenthetically, 
while the writers generally believe and conform to this dictate, they al- 
so believe that a well designed and well constructed rock-fill dam will 
stand overtopping to a moderate degree without damage, as indicated 
years ago during the construction of Dix River Dam, and by recently re- 
ported experiences in Mexico. 

The characteristics of borrow pits and quarries will bear a large 
part in the determination of the type of dam. No impervious material 
may be available, and consequently the dam may have to be faced with 
concrete slabs, as has been the case with some of the Pacific Gas and 
Electric Company dams in California. 

If suitable earth materials which can be compacted to produce low 
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permeabilities are available, an inclined impervious zone should be 
first considered. If, however, such materials are structurally weak, an 
impervious zone approaching a vertical position may have to be con- 
sidered, for technical reasons appearing later herein. 

In order to estimate costs, and to plan construction properly, the 
prospective builder must first have the design, and secondly a knowledge 
of the dam site characteristics, and borrow pit or quarry characteristics. 
These will determine his construction schedule and affect his selection 
of construction equipment. 

The writers wish to emphasize the importance of having investiga- 
tions of earthen materials done by competent and experienced engineers. 
They have in mind one case where investigators on a foreign job report- 
ed that pervious materials were plentiful and impervious materials 
were very difficult to find, and the dam was designed accordingly. When 
the American engineers and construction crew arrived on the job, a 
thorough investigation program was carried out, and it was found that 
the exact opposite was the case; there was plenty of impervious materi- 
al, and pervious material was scarce and expensive. It was necessary 
to redesign the dam, and this fortunately was entirely practicable, since 
the construction plant provided happened to be adaptable. Under other 
circumstances such an error could have been extremely serious. In an- 
other case the owner’s geologist had gone to considerable trouble to lo- 
cate a deposit of geological “clay” in the mistaken belief that such clay 
was necessary for the core of a rock-fill dam. They were not discour- 
aged by the fact that this clay deposit was a number of miles from the 
dam site, that it was overlaid with many feet of rock which would have 
required blasting, and that the clay was indurated to the extent that it 


would have been difficult if not impossible to break it down for use in the 
embankment. Fortunately our investigations disclosed ample quantities 
of impervious borrow material immediately adjacent to the dam site. 


Design Problems 


The first consideration in a designer’s mind is how much runoff is 
available, and its distribution throughout the typical year. Bearing in 
mind the use to which the prospective dam is to be put, he determines 
the desirable reservoir capacity which in turn establishes the height of 
the dam. He then estimates the characteristics of the possible maxi- 
mum flood and within the limits of the dam site topography he studies 
the effect of flood storage capacity with respect to required spillway 
capacity. The spillway can often be provided thru a saddle adjacent to 
the abutment and the excavated material used in the dam. This should 
be considered in locating the spillway. 

Bed rock is of course the best foundation. However, a reasonably 
clean and well-compacted gravel may be used as a foundation for all 
zones except the impervious zone, if it has a shear resistance approxi- 
mating that of rock fill. Rock fill usually has a shear coefficient great- 
er than 0.7, and large scale triaxial tests of gravels at the South Pacific 
Division Laboratory of the Corps of Engineers have shown that a well- 
graded clean gravel may have a shear coefficient approaching unity (1) 
(2). 
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Assuming bedrock within a reasonable distance, the impervious zone 
should make contact with it. If this is impracticable, either some other 
means of cutting off seepage under the dam must be adopted, or the 
seepage path made so long that water can move along it only very slow- 
ly. This latter is sometimes accomplished by placing an impervious 
blanket on top of the overburden upstream from, and in extension of, 
the impervious zone of the dam. The use of such a blanket may neces- 
sitate a flatter upstream slope to the dam than would otherwise be 
necessary. 

It is always necessary to grout a rock foundation. No matter how 
sound rock appears, it may have cavities in unexpected places. The 
writers recall one case of grouting massive anorthosite, very sound 
appearing, in which all holes but one in a certain area refused grout. 
That one was 125' deep, and 1100 sacks of cement were used before 
refusal. 

Stage grouting is usually prescribed, starting with shallow holes at 
low pressure, and then following with deeper holes and greater pres- 
sures. The final stage should have diamond drill holes of depth equal 
to about one-half the height of the dam, and grout pressures at the sur- 
face equal to or exceeding those caused by the final developed head of 
water. 

The main rock-fill of an inclined impervious zone dam should have 
its downstream face on a slope natural to the material; this will usually 
be about 1.35 to 1.4 horizontal to 1.0 vertical. This slope, of course, 
is the easiest to build. It has been argued that such a slope would be 
scriously disturbed by an earthquake. Recently, however, a severe 
earthquake caused no serious damage to such a slope on a large dam in 
Chile. The writers have been instrumental in having experiments made 
on a shaking table at the University of Califcrnia, and these indicate no 
serious damage to a natural downstream slope caused by an earthquake 
with a horizontal acceleration of 1.0 g, which is of course much more 
severe than the ordinary design allowance. , 

The Institute of Transportation and Traffic, of the University of Cal- 
ifornia, has recently undertaken some very interesting research which 
happens to be pertinent to the design of the outer slopes of rock fill 
dams (5). It has investigated a virtually unknown field, the shear 
strength of cohesionless materials under transient loads of short dura- 
tion, such as would be caused by an earthquake. Test results will be 
published in the near future. In general, they show that, under such 
transient loads, granular materials have substantially higher shear 
strengths than under slowly applied loads. This probably accounts for 
the slight damages observed in the shaking table tests mentioned, as 
well as in the case of the Chilean earthquake. If, however, a downstream 
slope flatter than the natural is deemed necessary, although the writers 
can see no reason at all why it should be, it is suggested that a series of 
flat berms with natural slopes between them be used to average out to 
the flatter slope desired (see Figures 1 and 2). Compacted gravel fill 
may be substituted for all or part of the main rock-fill. Its natural 
Slope will be somewhat flatter than the natural slope of a rock-fill. 

If an inclined impervious zone is to be used, the upstream surface of 
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the main rock-fill should also be on its natural slope. This permits 
construction of the main rock-fill in advance of construction of the tran- 
sition and impervious zones, and eliminates the expensive work involved 
in dressing to a flatter slope. Specifications should provide that if there 
is a chance for selective dumping, the finer materials should be dumped 
along the upstream edge of the rock-fill. 

If a vertical or nearly vertical impervious zone is to be used, the 
transition zones and the impervious zone must be carried up at the same 
time (i.e., only slightly behind) as the main rock-fill. High lift dumping 
on the main rock-fill is thus debarred and this is a disadvantage. 

The main rock-fill is the principal structural element of the dam. 
The rock-fill must be free draining; this means that only a limited per- 
centage of clay or quarry fines is permissible. The rock must be sound. 
Rock which breaks in chunky fragments is obviously better than rock 
which is slabby, such as schist. The fewer sharp points there are to be 
broken off, the less the settlement will be. 

The writers were also instrumental in having experiments performed 
at the University of California on small models of rock-fill dams to de- 
termine the inherent stability of a rock-fill with an inclined impervious 
zone. A small 2-foot high model withstood a load equal to that which 
would have been imposed by a liquid of specific gravity fifteen times 
that of water. This is because the resultant of the water pressure is 
directed downward and increases sliding friction on the foundation. 
These experiments give point to the idea many engineers entertain, that 
the rock-fill dam with an inclined impervious zone has greater reserve 
stability than any other type of dam. 

Whether the impervious zone is to be inclined or vertical, it is 
necessary to provide transition zones on both sides of it. That on the 
downstream side is the more important; it serves as the final surface 
upon which the impervious zone rests, and through it the water pressure 
load is transmitted to the main rock-fill. The transition zone must con- 
sist of materials so graded that on the one side they are too coarse to be 
forced or to migrate into the main rock-fill, and on the other side they 
are too fine to permit the impervious zone materials to mingle with or 
pass through them. Usually it will be found that the downstream transi- 
tion zone will be subdivided into three zones, each with a different grad- 
ing of material. Each sub-zone is designed to conform to the criterion 
that its 15% size is at least 4 times as large as the 15% size, and not 
more than 4 times as large as the 85% size, of the layer above it. In de- 
Signing these sub-zones it must be remembered how they are going to be 
built. Each sub-zone should be at least truck width, otherwise their 
placement is apt to be a very expensive operation (see Figure 3). If the 
main rock-fill is gravel, the transition zone might be a single and rela- 
tively broad band formed by selective placing of varying material, as in 
the cases of Kajakai and Arghandab dams in Afghanistan. Specifications 
should provide that the downstream transition zone be carefully com- 
pacted. 

The impervious zone must be built of material capable of being com- 
pacted until it is watertight. The watertightness is measured by its co- 
efficient of permeability. This should not exceed 20 feet per year under 
unity gradient, and in general will be considerably less. If this material 


514-5 


| 


is well graded, and has a good shear strength, there is no doubt that the 
zone should be inclined. If it is not structurally strong, and has a very 
flat angle of internal friction (as, for instance, a fat clay), it may be 
necessary to use a vertical impervious zone, because if inclined, an ex- 
cessively large weighting zone may be required. 

The most satisfactory core material combines high structural 
strength, necessary impermeability, and good workability for economi- 
cal construction. Such a material may be likened to a concrete mix de- 
signed in a modern laboratory in which the grading is such that there is 
a just sufficient quantity of a given grain size to fill the voids in the 
next larger grain size. Our ideal impervious material would be a well 
graded mixture containing about 15 to 20 percent silt and clay size par- 
ticles with the remainder grading through fine to coarse sand sizes into 
gravel sized material. Providing there is an excess of finer material 
to completely encase them, and they do not interfere with proper com- 
paction, there is no objection to gravel sized rock in the impervious 
embankment. 

An embankment consisting entirely of clay is to be avoided because 
of its low structural strength and the difficulties of proper moisture 
control, both of which tend to result in a more expensive dam. 

Compaction to certain standards compatible with the material should 
be specified. It is better to do this in terms of a percentage of an opti- 
mum test density according to a designated test, than, for example, to 
specify in detail the number of passes to be made with a sheepsfoot 
roller of a certain weight. 

The specifications must cover with the greatest of care the matter of 
the contact between the impervious zone and bed rock, this being the 
most critical area of the dam. Rock must be trimmed so that there are 
no overhangs, no great sudden variations, and so that as the impervious 
zone moves under pressure it must occupy a smaller instead of a iarger 
space. 

The upstream transition zone must be composed of materials on one 
side fine enough so that they will not sink into the impervious, and on 
the other side coarse enough so that they cannot be washed into the 
weighting zone. It does not particularly need to be compacted. 

The weighting zone should be composed of heavy material with a fair 
angle of internal friction, say 35 degrees. Most dams are subject to 
drawdown, and on this account the material should be free-draining. 
Otherwise, saturated material above the free water surface would in- 
crease the liability of slides occurring. 

The downstream surfaces of dams must be protected against erosion; 
a rock-fill needs no special treatment, but a gravel fill will need a sur- 
face layer of rock. The upstream surface must be protected by riprap 
against wave action, unless the weighting zone material is composed of 
pieces individually heavy enough to provide suitable protection, as de- 
termined by recently published design criteria (3) (4). 

Since a rock-fill dam, when the water load comes on it, will settle in 
two directions, vertically and downstream, it follows that in general plan 
the dam must be convex upstream, and in general profile must be 
crowned, that is, made higher in the middle of the dam than at the abut- 
ments. These convexities should be at least three times the anticipated 
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amount of motion. The settling then results in a crowding of the fill in- 
to a smaller volume. 

There is another consideration which makes it advisable to put a ver- 
tical crown, or camber, on the crest of the dam, and that is appearance. 
A truly straight line will appear curved to the eye. A perfectly horizon- 
tal crest will appear to sag in the middle. This is a well-known fact; the 
ancient Greeks knew it, and built the Parthenon accordingly some 440 
years B.C. There are no long straight lines in the Parthenon. It is 
cambered both longitudinally and transversely. 

There are two classical methods available for the stability analysis 
of rock-fill dams. The best known is that of Fellenius, involving the as- 
sumption of curved failure surfaces, with thin slices taken along these 
surfaces for purposes of computation. Neglecting the shearing forces 
on the vertical faces of the slices, the forces tending to cause motion 
are compared with those tending to resist motion. In a variant of this 
method, called the method of planes, the failure surfaces are assumed 
as planes instead of curves. 

The second classical method is the “sliding block” method, in which 
the main rock-fill and the weighting zone are considered as retaining 
walls confining and supporting the impervious zone. The impervious 
zone, the downstream transition, and the main rock-fill are also con- 
sidered as resisting the hydraulic thrust of stored water. 

The routine computations involved in either of the above methods are 
relatively simple, and are so thoroughly described in technical litera- 
ture they will not be further discussed here. However, their practical 
application to a composite dam section requires considerable judgment 
and experience. 

In the case of Kenney Dam, Dr. Karl Terzaghi recommended an anal- 
ysis using plane failure surfaces (see Figure 4). The factor of safety is 
computed as the ratio of resisting forces along the assumed failure sur- 
face, Line A'C"', to the driving forces along Line AC in the force dia- 
gram. It will be noted that the driving forces are a function of the slope 
of Line A'C'. This method should be used only by engineers of consid- 
erable experience. 

In studying Kajakai and Arghandab dams, which have nearly vertical 
impervious zones, the sliding block method of analysis was used, as well 
as the Fellenius method. The sliding block method necessitates a care- 
ful consideration of shearing strains, and it is likewise not for the tyro. 

It should be borne in mind that stability analyses must be made for 
various conditions of drawdown. For dams with inclined impervious 
zones, the most critical condition usually occurs when the water surface 
is something less than halfway up the dam. 

As a final comment, the designer’s problem is to select a site, ac- 
cepting its limitations, and design a satisfactory dam, using the materi- 
als at hand if practicable, with as little waste as possible. 


Construction Problems 


General 
The writers would like to quote the approximate words of Col. J. P. 
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Growdon, Mem. A.S.C.E.: “Materials exist in nature in chaotic form. 
Construction is the art of assembling them in an orderly fashion, in ac- 
cordance with a preconceived plan.” In practicing this art, many prob- 
lems arise, and the authors intend to discuss a few which occur in rock- 
fill dam construction. 

Specifications can and must be provided which will cover the general 
treatment of construction. However, on every job, conditions arise 
which require special treatment. This points the necessity of having 
engineering personnel in the field with experience and good judgment. 
The construction of earth and rock fill dams cannot be prescribed under 
as definite specifications as that of masonry dams; proportionately 
greater judgment is necessary on earth and rock fill dams. It is not to 
be expected that field engineers can always be obtained who are compe- 
tent to handle any and all special cases; it is absolutely essential that 
such personnel be able to recognize a case requiring special treatment. 
They can always call for help if in any doubt as to how to handle it. The 
writers can cite cases in which a serious condition was not immediately 
recognized, but was picked up during a visit of a superior, and such a 
state of affairs always leaves one wondering what else happened which 
was serious and not reported. This is a most uncomfortable feeling. It 
is certainly futile to maintain rigid inspection during day shifts and have 
little or no inspection at night. 


Schedule 


The first problem facing the prospective builder is that of prepara- 
tion of a schedule. He must know the approximate quantities, the char- 
acteristics of the dam site, and how the river is to be handled during 
construction. To avoid very expensive diversion facilities, it may be 
necessary that the entire dam be built in the period between one flood 
season and the next; in fact, it may be found that this is the only way the 
dam can be built. Ordinarily, there is a “natural” period of construc- 
tion for every dam, to do it faster means useless expense in the way of 
excess equipment and inefficiency, and to do it slower means increased 
cost because the overhead goes on longer. Of course, an urgent need 
for water or power could necessitate the faster schedule regardless of 
expense. But usually, the river regime or the “natural” construction 
period will give the builder the skeleton of his schedule, and the detailed 
items merely go to clothe this skeleton. 

There are in common use three methods of handling a river during 
construction: 

a) Diverting it through a tunnel. 

b) Building part of a dam while the river runs through the area to be 

occupied by the other part. 

c) Fluming the water through. 

Only (a) and (b) are applicable in the construction of a rock-fill dam, 
and (b) can never be completely applicable, since there usually must be 
some way of passing water while the last part of the dam is being built. 
The choice is dictated by the topography of the site. At Kajakai Dam the 
gorge was deep and narrow (see Figure 5), and there was no choice ex- 
cept to divert through tunnels. Only four years of stream flow record 
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were available, and from these it was estimated that the spring flood 
peak would hardly be greater than 50,000 cfs. Two 26' horseshoe tun- 
nels were driven, which would carry 50,000 cfs with a certain head at 
their inteakes. Construction of the dam would take two seasons, so it 
was necessary to get the dam high enough the first season to provide 
this head. This left the possibility that a greater flood might overtop 
the partially completed dam. The main rock-fill was therefore made 
higher than upstream portions of the dam, and selected large rock used 
on the downstream surface. It was thought that some slight overtopping 
would not wash out any of the rock-fill, and that the fill would cause a 
pool over the rest of the dam which would not therefore be damaged. 
Fortunately, the flood that year peaked at about 30,000 cfs, and the the- 
ory was never put to the test. A calculated risk had to be taken that an 
unusually large flood might wash out everything. 

At Arghandab Dam, two seasons were likewise required for construc- 
tion. But the dam was over 2000 feet long, so during the first season 
about one-half the dam was built while the river ran through its ordi- 
nary channel near the left abutment. After the spring flood, and during 
the second season, the river was diverted through a small tunnel while 
the rest of the dam was built. The tunnel had to carry only low water 
flow, and was required anyway for irrigation and power release upon 
completion of the project. There was hardly any risk at all involved, 
whereas there was an appreciable risk at Kajakai. 

Kenney Dam was built during one season. This was essential because 
the reservoir created is enormous, and will require five or six years to 
fill. The gorge was narrow, (see Figure 6) and work was begun after 
the spring flood peak, so that only relatively low flow was required to be 
diverted, and it was handled through a tunnel with no trouble at all. 

Having a schedule, and quantities, the builder has one item of infor- 
mation necessary to his selection of construction equipment, i.e., he 
knows the rates of speed at which various items of work must be done. 
He must next know where his materials lie, i.e., how far they have to be 
hauled, and up or down what grades. He must further know what the ma- 
terials are; for instance, whether rock is apt to break large or small, 
Since this would be a consideration in choosing equipment sizes. He 
must know how the materials lie; they may be in large deposits or in 
scattered small deposits; this might mean a few large pieces of equip- 
ment, or a greater number of small pieces. Also, in borrow pits of 
gravel, sand, or impervious material, characteristics may vary with 
depth, and this affects choice of equipment. For instance, a uniform de- 
posit of large extent might be dug with elevating graders, whereas a 
small deposit might require power shovels. Or a non-uniform deposit 
might require averaging excavation over certain depths, and consequent- 
ly power shovels would be required. 

Again, a non-uniform deposit might require zoning, i.e., certain areas 
might contain material satisfactory for impervious zones, other areas 
might contain coarser materials satisfactory for other zones in the dam. 
The locations and sizes of these areas bear on the choice of equipment, 
and also on the order in which they are to be used. 

The writers wish to call to the attention of builders that very often it 
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would be advisable to get the advice of consulting engineers before se- 
lecting construction equipment. They have in mind an instance of a con- 
tractor having purchased a rather expensive well point system to pro- 
tect excavation in a very well-graded mixture of gravel and sand which 
was almost watertight. It was found to be unnecessary, and a good soils 
engineer could have determined this from analyses of the material. 


Foundation Treatment 


Mr. L. F. Thompson, Affiliate A.S.C.E., in a paper “Foundation 
Treatment for Earth Dams on Rock” (7) has discussed the importance 
of proper preparation of the foundation on that area with which the im- 
pervious zone comes in contact. This importance cannot be over- 
emphasized. In a rock-fill dam with an inclined impervious zone this 
contact area would be relatively narrower than in the earth-fill dams 
Mr. Thompson has discussed. 

While some latitude may be allowed in cleaning foundations under the 
other areas of the dam, the area under the impervious zone must be 
cleared to material already actually in place which is impervious or 
can be made impervious by grouting. In the writers’ experience such 
material has always been rock. It can be said here that no rock is to be 
regarded as impervious; there are always joints or bedding planes, or 
both, and all rock foundations must be considered as requiring grouting. 

After thorough cleaning, it will usually be found that it is wise to fill 
some small local irregularities with concrete, which should be left with 
a rough (untrowelled) surface. In the Kajakai Dam in Afghanistan, on 
limestone, an old channel was uncovered full of po! holes. It was easier 
to concrete these pot holes than to trim off the sound rock projections 
between them, and it would have been a slow and expensive operation to 
hand fill the numerous sinall depressions with earth, particularly since 
many of them had overhanging edges. 

The impervious zone of the dam must in effect be extended into the 
foundation so that water has to travel a long and circuitous path through 
small passages to get around it. There are joints which must be grout- 
ed, and bedding planes in case the rock is sedimentary. There may also 
be faults which must be rendered tight. 

It is interesting to note that the associates of the writers have inde- 
pendently developed, and have used for some years, a treatment proce- 
dure similar to that recommenced by Mr. Thompson. Typical treatment 
at Kajakai Dam is shown in Figure 5, and for Kenney Dam in Figure 6. 

Kajakai Dam foundation is limestone. At Kenney Dam, on the 
Nechako River in British Columbia, the foundation consists of a series 
of layers of vesicular basalt and lavae, laid down at different times. In 
fact, during excavation, pieces of sound, although charred, wood were 
uncovered under lava flows. At both dams, the initial shallow series of 
holes were found very difficult to grout, because there were so many 
surface openings at which grout came out that pressure could not be 
built up at all. The late Mr. James B. Hays, Mem. A.S.C.E., was in 
charge of this work on both jobs, and finally decided to cover surfaces 
of areas to be grouted with a coat of gunite, averaging from 1/2" to 1" 
thick, except that small depressions were filled or rounded out so that 
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hand (air) tampers could be used to fill them with impervious material 
(6). Pressure could then be built up and grouting done. Care was used 
to keep the grout pressures low enough to avoid heaving the foundation. 
This is important. Heaving of foundations under such conditions has 
been known to occur, and has necessitated some very expensive repairs. 

With such a gunite covering of surface cracks, grout injected into any 
hole is forced to travel some distance before it can escape. This means 
more pressure required, but a greater range is grouted from each hole, 
both at surface and at depth. Surface cracking of the gunite did not 
amount to much, although at Kenney some of it was exposed for a year, 
through a temperature range from 20 degrees below zero to 80 degrees 
above, Fahrenheit. 

At Kajakai Dam, an almost vertical fault was discovered, running al- 
most at right angles to the axis of the dam, slightly over to one side of 
the buried channel previously mentioned. It was obviously inactive, 
about eight feet wide, and filled with very tightly packed gouge of clay, 
broken limestone, and small solution deposits. The proposed static 
head at the rock surface was nearly three hundred feet. Mr. John S. 
Cotton, M. A.S.C.E., and the senior writer agreed on a shaft about 15 
feet square, centered on the fault, sunk to a depth of 100 feet, and filled 
with concrete. Grout pipes were left in this concrete, but very little 
grout could be forced into them. Two or three other smaller faults 
were similarly treated. 

Before grouting, every effort should be made to clean out clay-filled 
seams by washing. [If it is impracticable to do this, and there appears 
any possibility that the material left in the seams might some day mi- 
grate, it is a good idea to provile places near the toe of the dam where 
water can escape from such seams. These escapes must contain in- 
verted filters, so that, while water can escape, it can carry no fine ma- 
terial with it. If the fine material cannot get out, there will be no piping, 
and leakage will not tend to increase with time. If it can get out, a 
strong flow of water may develop, and the repair operation can be pretty 
difficult and expensive. 

A very good contact must be obtained between the impervious zone 
and rock foundation. The impervious material must be hand tamped all 
over the contact area. There must be no continuous seepage path along 
the contact. Probably no better job of hand tamping has been done than 
at Kajakai and Arghandab dams in Afghanistan, where the work was 
done by tribesmen under their own foremen. 

The impervious contact area must first be cleaned thoroughly in or- 
der to find out what must be done to it: after all filling, grouting, and 
other work is done, it must receive a very careful final cleaning just 
before impervious material is placed. Literally everything except solid 
sound rock must be removed. Air blasts are preferable to water jets, 
since the latter are bound to leave small pockets and pools of water 
which must be dried up before any material is placed. 

Our problem which must always be settled in the field is how far to 
go in trimming and shaping the rock foundation under the impervious 
contact. It has been mentioned that it is probably advisable to fill small 
inequalities with concrete. Whether at the bottom of the dam site or 
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along the abutments, the same general principles hold. It is neither nec- 
essary nor desirable that the contact area be strictly planar, but there 
must be no abrupt changes of section, and there must be no overhang. 
It is obvious that material settling around an overhang must leave a 
cavity beneath it. Abutments for the inclined impervious zone dam must 
be so trimmed and sloped that when load comes on the dam, and the im- 
pervious zone moves downward and downstream in consequence, as it 
must and will, the impervious material always tends to move into a 
smaller, and not a larger space. This must be watched very closely. 
While in the impervious contact areas the main problem is water- 
tightness, under the load-carrying portion of the dam we are interested | 
in two other things instead, settlement and friction. The main rock-fill f 
must be built so that when the water load comes on it the settlement is 
as little as possible, in order to minimize the adjustments which must 
take place in the impervious zone. The main rockfill must therefore be 
placed on a firm foundation of rock or good gravel. Silt or clay gener- 
ally is not permissible, and must be removed. Ordinarily, and particu- 
larly in the case of dams with inclined impervious zones, the friction 
between the rock-fill and the foundation will be found to be several 
times that required to prevent the dam from sliding. The field Engineer 
must use his judgment as to what shail be removed. 


Main Rock-Fill 


The problems in connection with the main rock or gravel fill begin at 
the quarry or borrow pit. The quarry must be drilled and shot to pro- 
duce rock of sizes: which can be handled by the equipment, with. only a 
small quantity of extreme fines. Some secondary “pop” shooting of 
large rocks must be expected; if there is not a little of this, it will be 
found that the rock is being shot too fine, and too much explosive is be- 
ing used. At Kajakai, limestone rock was obtained from spillway exca- 
vation. Wagon drills were used. At the start, 0.75 pounds of 40% ex- 
plosive was used per cubic yard of solid rock; it was immediately ob- 
vious that this was a little too much, and thereafter not more than 0.625 
pound was used. At Kenney Dam, there was no real good quarry site 
within any reasonable distance. Consequently, a quarry site was chosen 
about 1/4 mile to the left of the dam, and upstream. The rock was ba- 
Salt, with some lava, and was very spotty, masses of sound rock with 
badly weathered areas interspersed. Quarry depth was limited by the 
depth of the basalt, which lay on older and unusable materials. The con- 
tractor became committed to the use of “coyote” holes, and this was a 
constant source of trouble, because good rock, unsound rock and clay 
became mixed up; also the amount of explosive used in one shot was no 
index to the amount to be used in the next, so that practically all blasts 
were a little undershot or a little overshot. It is believed that drilling 
with quarrymasters would have allowed more selective shooting, and 
would have simplified the sorting of material as it was loaded into 
trucks. In general, about 0.9 pound of explosive was used per solid cu- 
bic yard. 

The main rock (or gravel) fill should preferably be absolutely free- 
draining, and the material should therefore be clean. Practically, 
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however, it may be economically impossible to get absolutely free- 
draining material, in which case the writers believe it should have a 
permeability at least twenty times that of the material in the impervious 
zone. In the case of Nantahala Dam, the rock (arkose) was clean, and 
contained only a limited amount of fines. In the case of Kajakai, the 
rock (limestone) was also clean, and if not shot too hard, did not contain 
too many fines, and gravel pits were carefully zoned and watched, only 
the coarsest being placed in the main rock-fill. In the case of Kenney 
Dam, clay and earth were so intermingled that it became necessary to 
decide how much dirt was permissible. Dr. Karl Terzaghi was consult- 
ant, and he agreed that no single load of rock containing more than 15% 
of dirt could be used in the main rock-fill. Since many loads were 
clean, the average would be much less than 15% Inspectors were 
placed at the quarry face, watched the loading, estimated the percentage 
of dirt, and accepted or rejected the loads. From 25%to 30% of all 
loads were rejected; these were dumped over a 50-foot drop, and much 
good rock rolled to the bottom where it was reclaimed by a shovel work- 
ing along the toe. 

Notwithstanding this high percentage of waste, a little more than 
4,000,000 cubic yards were placed in Kenney Dam between May 10 and 
November 27 of 1952, and the dam was completed in one season. 

It is the writers’ opinion that a certain amount of fines in a rock-fill 
act as a lubricant when water is applied, and permit better adjustment 
of individual rocks. Other engineers have expressed violent disagree- 
ment with this idea. 

The writers believe it desirable to place rock-fill in as high lifts as 
possible, holding that the energy expended as rock moves down goes 
largely into compaction, and the greater the lift height the greater the 
energy. Other considerations may preclude making only one lift the full 
height of the dam. It may result in undesirable hauling conditions; it 
may be necessary to place the impervious zone before the main rock- 
fill is completely built; the top is usually too narrow to provide suffi- 
cient working room; some designers and governmental authorities may 
require slopes flatter than the natural. Again the writers wish to em- 
phasize that this last requirement is not necessary. 

The proper application of water during placing of rock-fill is all- 
important. There must be at least two cubic yards of water applied for 
each loose cubic yard of fill placed, and four cubic yards of water are 
better. There is no necessity for more than four. Water should be ap- 
plied by hydraulic monitors in streams of 2-1/2 or 3 inches in diameter, 
and the nozzle pressure should be at least 75 p.s.i. The streams, or 
better, jets, should hit the rock as it is being dumped and immediately 
thereafter, and should be directed toward the face of the rock-fill slope, 
never parallel to or down it. On one dam with which the writers were 
connected, when starting the rock-fill the water was applied as shown 
in Figure 15. This is exactly the way not to do it. Water was directed 
down the slope in sprinkling fashion, and might as well have been applied 
with a garden hose. This method was very speedily revised. At Kenney 
Dam, a very satisfactory scheme was developed. Each monitor was 
mounted at one end of a pair of steel beams about 60 feet long. On the 
beams near the other end was mounted a diesel-driven compressor, 
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furnishing air to the monitor controls. This assembly was shoved over 
the edge of the rock-fill so that the monitor end cantilevered some 25 
feet out into the air, the compressor acting as a counterweight, and the 
jet could be played back against the face of the fill. The point at which 
the jet strikes must be varied a good deal, and for this reason mechani- 
cal controls are important. It is hard to control a monitor by hand, and 
it will not be moved enough unless power-controlled. 

When water is properly applied, the effect on a mound of freshly 
dumped rock is amazing. It seems to dissolve and flatten out, and there 
is not much rolling of rock down the dump face. Rather there are fre- 
quent slides. Segregation of sizes is m‘nimized. Settlement takes place 
during construction, and not more than 1.0%, or at the most 2.0%, may 
be expected thereafter. 

The pumps for the water supply should be carefully specified by the 
engineers. Spares should be provided. The piping layout should be 
carefully designed for minimum head losses and for easy adjustment as 
the fill progresses. In this connection some weird things can happen. 
On one job, engineers under the writers’ direction selected and ordered 
diesel-driven pumps, electric power in sufficient quantity not being eas- 
ily available. The pumps were rated at 1750 RPM, and the diesels were 
furnished accordingly. On visiting the job, it was observed that the 
water supply was inadequate. Investigation revealed that a mechanic had 
concluded that 1750 RPM was too fast for a diesel, he thought it would 
wear out too quickly, and without saying anything to anyone, he had ad- 
justed the governors to give 1250 RPM. A pump rated for a certain per- 
formance at 1750 RPM gives a pretty sickly performancy at 1250 RPM. 
This was pointed out, the governors were corrected, and the water sup- 
ply was immediately satisfactory. 


Transition Zone 


The foundation under the downstream transition is generally prepared 
in the same manner as that under the impervious zone, except that there 
is no necessity for grouting. The transition will usually have three 
zones; one might be composed say of 10 to 3 inch crushed rock or 
screened gravel, the next of 3 to 3/4 inch crushed rock or screened 
gravel, and the third, against which the impervious is placed, of 3/4" to 
fine clean sand. These materials may not contain more than two per- 
cent of silt or clay. The clay or silt content can be easily determined by 
taking a handful of the finest zone material, well moistened, and clamp- 
ing it in the fist. If on release the material falls apart, it is clean 
enough; if it remains in a lump, it is not. Of course, laboratory deter- 
minations should be made to check, or to teach inspectors how to make, 
such rough observations. At Kenney Dam, glacially deposited sands and 
gravels were used, and it was found that the screened sand contained an 
excessive amount of silt. A flat-bottomed steel trough was built on a 28 
degree slope; at the lower end of this was placed a steel bin with a sand 
gate in its bottom, and provision for water overflow at its top. Sand was 
gradually pushed in at the upper end of the trough by bulldozer, numer- 
ous small jets of water played uphill against it, and the sand and water 
flowed down into the bin. Sand with about 1% of silt settled to the bottom, 
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and the overflow water carried off the rest of the silt. Trucks ran un- 
der the bin for loading. It was quite a cheap and very effective opera- 
tion. 

The transition is usually deposited only slightly ahead of the imper- 
vious, and water cannot be used because some of it would get into the 
impervious and affect compaction. Only mechanical compaction is pos- 
sible. Usually bull-dozers are kept moving back and forth along the 
transition. The various zones must each be of sufficient width to ac- 
commodate the trucks in use (probably 12' minimum); it simply costs 
more money to make them narrower. 


Impervious Zone 


The methods of placing and compacting earth-fill are so well-known 
that the writers will not discuss the placing of the impervious zone. 

Moisture control is often best accomplished in the borrow pits. 
Kajakai Dam is in desert country, and it was necessary to terrace and 
dike the borrow pits and irrigate them well in advance. At Kenney Dam, 
the borrow pits were in glacial material, and water had to be applied. 
A scheme developed on the job worked rather well. A set of ripper 
teeth was mounted on a tractor in place of a bull-dozer blade, and be- 
hind each tooth a pipe injected water at a depth of about 18 inches. The 
material was subsequently mixed by repeated harrowing. 

As Kenney Dam was nearing completion, everyone began to worry 
about frost. It was nip and tuck whether the dam could be completed 
before winter set in, and it would have been very expensive to start up 
again in spring for only a very small operation. So tests were made of 
admixtures to prevent freezing. It was found that the addition of com- 


mon salt, in the proportion of 1.0% by weight, of soil, would offer satis- 
factory protection. The salt was spread dry over the borrow area and 
harrowed in before adding water. When salt was so added, less water 
was required. The fall turned out to be mild, and not enough frost was 
experienced to be able to evaluate fully this salt treatment. 


Upstream Transition. Zone 


The foundation preparation for the upstream transition zone is gener- 
ally similar to that of the area under the main rock-fill. The zone ma- 
terial should be placed in the same manner as that in the downstream 
transition zone. It should be clean and free-draining. 


Weighting Zone 


The weighting zone, as has been stated, is for the primary purpose 
of preventing the impervious zone from sliding down and out upstream 
during initial filling of the reservoir or subsequent drawdown. The term 
“sudden drawdown” is often used. The writers wish to protest this un- 
necessary term, since a properly constructed impervious zone drains 
so slowly that all drawdowns are sudden, whether they take one day or 
one year. The weighting zone material should be as heavy as possible, 
and it should be free-draining, so that pore pressure does not reduce 
sliding resistance. Cleaning of the foundation area is not particularly 
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important, but of course weak materials which might permit upstream 
sliding should be removed. The new material does not need to be com- 
pacted when placed. 

The surface of the weighting zone should be covered with material 
which will not wash under rains and which will be resistant to wave ac- 
tion. 


CONC LUSION 


Engineering literature on rock-fill dams is still rather scanty. The 
writers have attempted to discuss the problems of practice which beset 
the designer, as well as some of the field problems which have a way of 
bursting suddenly on the unwary field engineer. 

Engineering problems in the field are quite often the sort not solvable 
by reference to books, and hence their solution requires sound judgment 
based on experience. When dealing with a rock-fill dam, its design like- 
wise is not a matter of reference to books, and exact mathematical 
formulae cannot be applied. Therefore a rock-fill dam requires the ex- 
ercise of judgment more than many other structures. 

Points to be emphasized in design and construction are: 

a. The necessity for competent and thorough investigation of site and 

materials. 

b. The necessity for having engineering personnel in the field during 
construction able to recognize a situation requiring special atten- 
tion. 

c. The necessity for close attention to foundation preparation. 

d. The necessity for proper sluicing in placing rock fill, so that set- 
tlement after construction will be minimized. 

e. The necessity for careful placing of materials in transition and 
impervious zones. 

Since only very general requirements can be laid down in advance, 
only an engineer experienced in both design and construction can say 
when investigation of sites and materials has been adequate in any spe- 
cific case. The same may be said of foundation preparation. An engi- 
neer with substantial field, laboratory, and design experience is re- 
quired to determine whether the various materials are being properly 
placed and compacted. 
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